With the wide application of nanomaterials in biomedical detection in recent years, hybridization methods which use nanoparticles as solid phase hybridization carriers have emerged. However, commercial equipments, such as conventional thermal cyclers and hybridization ovens are usually not appropriate for DNA hybridization on the surface of nanoparticles. We designed and improved a total temperature micro-volume blended incubating and hybridizing apparatus (TTMHA), which can be used for blending and suspending of nanoparticles in a small volume and liquid phase environment. This device highlights the mechanical rotation structure which can not only provide a uniform temperature field, but also makes the liquid flow fully in the reaction system and improves DNA hybridization efficiency significantly. A complex PID control algorithm, including Bang-Bang control and Fuzzy-PID control algorithm, was applied in this research project to improve the control accuracy and stability. Furthermore, a model detection experiment using ssDNA (single strand DNA) sequence was conducted in thermal cyclers and TTMHA respectively to verify the optimal hybridization efficiency of the TTMHA.
INTRODUCTION
Because of size effect, quantum size effect, surface effect and macro-quantum tunnel effect, nanoparticles have been becoming the largest and most widely used nanomaterials in biomedical engineering and clinical diagnosis research today. [1] [2] [3] [4] [5] They are usually applied in pathogen detection, early diagnosis of tumor markers, visual detection of diseases in vitro and other aspects. [6] [7] [8] [9] [10] [11] [12] With the wide application of nanomaterials in biomedical detection in recent years, the hybridization method which uses nanoparticles as solid phase hybridization carriers is becoming the main focus today. For biomedical application, the surface of nanoparticles and other nanomaterials should be modified with chemical and biological macromolecules such as proteins, carbohydrates and oligonucleotide probes. 13 14 Particularly, the specific * Author to whom correspondence should be addressed. † These two authors contributed equally to this work.
binding, such as antibodies and antigens, nucleic acid hybridization, on the surface of nanoparticles requires a certain temperature which is usually a crucial factor. Therefore, the nanoparticles hybridization should be put in a machine with precise temperature. As listed in Table I , there are mainly three kinds of hybridization apparatuses on the market as classified by applicable solid phase materials. Through a variable angle rotating platform, the hybridization apparatus, based on glass slide or microtiter plate, can make the inside liquid flow and mix the hybridization solution. Membrane hybridization has been a slow process carried out on a plane and usually put in the 50 mL tubes because it needs more hybridization solution. In these commercial hybridization apparatuses, the motor shaft is usually paralleled to the tubes which drive them by scrolling or rotating horizontally and the hybridization solution is continuously mixed with its own gravity action.
However, the required liquid volume for nanoparticles hybridization usually ranges from 20 L to 100 L. Because of capillary action, the hybridization solution can Membrane Hybridization Jiangsu/Shangjia L-F instrument not mix with nanoparticles when using the commercial hybridization devices.
A total temperature micro-volume blended incubating and hybridizing apparatus (TTMHA) has been designed and implemented in this project. 15 The apparatus can not only control temperature precisely for various requirements in chemical and biomolecular modifications and nano-materials hybridization, but also makes full fluid flow and mix with nanoparticles to improve hybridization efficiency significantly. To achieve stable and accurate temperature control, a complex PID control algorithm, 16 including Bang-Bang control and Fuzzy-PID control algorithm, was proposed in this research project. The model detection experiment using an ssDNA sequence was conducted in thermal cyclers and TTMHA respectively to verify the optimized hybridization efficiency of TTMHA.
STRUCTURE
As the Figure 1 shows, the designed TTMHA has a double cavity structure. The inner layer is a closed cavity which mainly contains a heater ( Fig. 1(3) ), a cross flow fan ( Fig. 1(4) ) and a hybridization disc ( Fig. 1(6) ). Through the motor shaft, An AC (Alternating Current) synchronous motor ( Fig. 1(2) ) is connected with the hybridization disc and drives its rotation. The rotation speed was designed at 0-60 revolutions per minute (rpm). The AC synchronous motor was installed between the inner cavity and the outer cavity. Different volume tubes ( Fig. 1(7) ) including 0.2, 0.5, 1.5 and 5 mL respectively can be put in the hybridization disc and fixed by an elastic band. These tubes are inverted constantly and make the liquid flow continually in these tubes while the hybridization disc is rotating. So, the nanoparticles can disperse into the solution uniformly rather than precipitate out of solution. There is a layer of thermal insulation cotton on the surface of cavity. The heater was installed in the back of the cavity and the cross flow fan was placed under it. There is a filter mesh ( Fig. 1(8) ) at the outlet of the cross flow fan which can make the wind velocity more uniform during the hybridization experiment. The air temperature is detected by a Pt100 temperature sensor ( Fig. 1(5) ) which was installed under the filter mesh. The designed temperature range is from 0 C to 99.9 C, with temperature accuracy of ± 0.5 C and temperature uniformity of ± 0.5 C. There is an air vent valve ( Fig. 1(1) ) on the top of inner cavity which is connected with outside and can make the temperature decrease to room temperature rapidly. Users can put samples into this apparatus through a double-insulated glass door that is installed in the front of the cavity. The inner structure of the TTMHA is shown as Figure 2 . The TTMHA prototype and accessories are shown as Figure 3 
THE CONTROL ALGORITHM
A proportional-integral-derivative controller (PID controller) which involves three separate constant parameters is a generic control loop feedback controller widely used in industrial control systems. The proportional parameter makes a change to the output that is proportional to the current error value. A high proportional gain results in a large change in the output for a given change in the error. If the proportional gain is too high, the system can become unstable. In contrast, a small gain results in a small output response to a large input error and a less responsive or less sensitive controller.
The integral parameter in a PID controller is the sum of the instantaneous error over time and gives the accumulated offset that should have been corrected previously. It accelerates the movement of the process towards set point and eliminates the residual steady-state error that occurs with a pure proportional controller. However, since the integral term responds to accumulated errors from the past, a large gain can cause the present value to overshoot the set point value.
Derivative parameter was used to reduce the magnitude of the overshoot produced by the integral component and improved the combined controller-process stability. However, the derivative can slow the transient response of the controller.
For nonlinear system, PID tuning was a difficult problem, even though there were only three parameters and in principle was simple to describe, because it must satisfy complex criteria within the limitations of PID control. A complex PID control algorithm, including Bang-Bang control and Fuzzy-PID control algorithm, is proposed in this project to improve the control dynamics and stable ability.
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A Bang-Bang controller, also known as hysteresis controller, is a feedback controller that switches abruptly between two states. The purpose of using Bang-Bang control was to shorten the transition process between each controlled temperature point as much as possible. 18 On the other hand, Fuzzy control was built upon a type of programming logic that attempts to deal with the gray areas of uncertainty in processes. It is a more successful way than standard controls. So, this complex PID control algorithm can provide more accurate results in non-linear situations. It can calculate deviation along an analog range where there was an optimal value and increasingly non-optimal values, but no predefined point at which action was always taken.
The basic principle of temperature control in TTMHA is shown in Figure 4 . When the deviation between target temperature and actual temperature is greater than the set maximum error, Bang-Bang control is useful for the system. Otherwise, if the deviation between target temperature and actual temperature is less than the set minimum error, the steady-state performance needs to be considered and should be switched to the Fuzzy-PID control. 19 
EXPERIMENTAL DETAILS

Materials and Instrument
Most chemicals used were of analytical grade from Shanghai Chemical Reagent. Water used in the experiments was deionized (DI) water. The oligonucleotides listed in Table II were synthesized 
The Temperature Accuracy Detection Experiment
To assess the feasibility and performance of the proposed system, the temperature accuracy detection experiment was done. The rotation velocity of the hybridization disc was set to 10 rpm. Two typical temperatures were set for the experiment. First one was 95 C representing the higher temperature. The other one was 37 C representing the lower temperature. The inner cavity temperature of the TTMHA was measured by TES-1300 every 3 min after the TTMHA display screens showed the temperature was stable at the set temperature. Each measurement was repeated thrice and each temperature was measured for 30 min.
The Model Detection Experiment
The model detection experiment was applied in this research work according to a previous described method. [20] [21] [22] [23] [24] [25] Briefly, 20 M of probe (shown in Table II ) in 20 L of 2-(Nmorpholino) ethanesulfonic acid (MES) (25 mM, pH = 6) was modified onto the surface of 1 mg of the washed MNPs-COOH according to the "one-step protocol" in Dynabeads MyOne ™ Carboxylic Acid Manuals. in the above method. The hybridization process was as follows: Three group samples were put in thermal cyclers at 94 C for 10 min. Then, the group A sample was put in thermal cycler at 50 C for 1 h. For comparison, the group B sample was put in thermal cycler at 50 C for 1 h with mixing in every 10 minutes. At the same time, the group C sample was put in the TTMHA at 50 C for 1 h. After that, the MNPs complexes from the three groups (with or without sequence) were respectively rinsed and washed at room temperature successively with 0.1 × SSC-0.1% SDS, and deionized water and then re-suspended in 50 L of 1% BSA and rocked for 30 min. The liquid was removed by magnetic separation. 15 L of SA-AP (diluted to 1:1000 in Tris buffer) was added. The MNPs were resuspended by gentle vortexing and rocked for 30 min, then resuspended/washed thrice with 50 L of Tris buffer followed by magnetic separation. Finally, both MNPs were re-suspended in 100 L of AMPPD solution (0.25 mM) and moved into a microtiter plate. The light generated from the ensuing chemiluminescent reaction was measured after 40 min. Each treatment was repeated thrice.
RESULTS AND DISCUSSION
The temperature accuracy is usually a crucial factor for DNA hybridization on the nanoparticles. The experimental result of the TTMHA inner cavity temperature is shown in Figure 5 . Both in higher and lower temperatures, the experimental data show that the stability of temperature inside the TTMHA with the fluctuation level of 0.5 C was also achieved over a period of 30 min. When thermal cyclers are used as hybridization reactors, the PCR tubes should be taken out of the thermal cyclers immediately every 20 minutes and shaken up in order to mix nanoparticles with hybridization solution. Otherwise, nanoparticles in the solution would sink to the bottom of the PCR tubes and nanoparticles agglomeration would reduce the probability of target segment hybridization from perspective of molecular biology. Moreover, the temperature of the hybridization reaction system would decrease when the PCR tubes are taken out of the thermal cyclers. This would further affect the nanoparticles hybridization efficiency.
After development of the TTMHA, the model detection experiment was done to compare the hybridization efficiency in TTMHA and thermal cyclers. The TTMHA could automatically mix nanoparticles with hybridization solution during the whole hybridization process. Target segment had more opportunities to react with nanoparticles. Additionally, the PCR tubes were always in the temperature uniform field.
As described in Figure 6 , the result of chemiluminescence detection also approved it. The intensity of chemiluminescence from the group C sample put in TTMHA was obviously higher than the group A and B samples put in the thermal cyclers. The S/N (Signal-to-Noise) ratio from the group C sample was 85.62% which was about three times higher than that from the group A sample. In addition, although the group B method had the risk of reducing temperature, the S/N arising from this was also higher than that from group A method. In a word, the detection sensitivity was greatly improved by using the TTMHA. Therefore, this apparatus is ideal for small volume fluid reaction system incubation and hybridization. 
CONCLUSION
This paper has described a designed and implemented total temperature micro-volume blended incubating and hybridizing apparatus (TTMHA) for the nanoparticles which can precisely control temperature to fulfill various requirements for chemical and biological molecule's modification and hybridization. The apparatus can make fluid flow for full mixing to significantly improve hybridization efficiency. Thus, it is fit for modification and hybridization of micro-volume fluid nanoparticles.
